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Materials and Methods
Electrode Preparation: PEDOT-PSS film was deposited on the Si substrates (p-type, 1000 nm thermal oxide layer). The cleaned substrates were treated with UV-O3 for 30 min before the film deposition to make the surface hydrophilic. The commercial aqueous dispersion of PEDOT-PSS (Clevios PH1000) and 0.1 wt% of silane crosslinker (3- glycidoxypropyltrimethoxysilane (GOPS) was mixed using ultrasonicator for 5 min. The solution was spin-coated, followed by heating at 140  C for 10 min on a hot plate. Silane modification enhances the adhesion thus avoids the film dissolving in aqueous solution. To boost the electrical conductivity in a so-called secondary doping effect high boiling solvent, dimethylsulfoxide (DMSO) was added to the PEDOT-PSS and GOPS mixture in various amounts with respect to wt% as follows 0.2 %, 0.4 %, 0.45 %, 0.55 %, 0.6 %, 0.75 %, 1.0 %, 1.5 %, 2.0 %, 3.0 %, 5.0 % and 6.0 %. Film thickness was measured by Atomic Force Microscopy (Veeco Dimension 3100 AFM) and analyzed using Gwyddion software.
Measurement of electrical conductivity:
For the measurement of electrical conductivity the Si substrates (with thermal oxide) were patterned with four linear gold electrodes by thermal evaporation (2mm in width, 10 mm in length, approx. 200 nm in thickness and 2 mm apart from each other). The four-probe resistance was determined by measuring the voltage drop between the inner pair of electrodes when a DC was passed through the outer pair of electrode. This measurement was carried out using Keithley 4200-SCS at room temperature. The activation energy of the films was calculated from the temperaturedependent electrical conductivity measurements. The measurements were performed under vacuum in a cryogenic probe station in the temperature range of 363 K to 173 K.
Absorbance spectrum: Absorbance measurements were conducted using a UV-Vis-NIR Spectrometer (PerkinElmer Lambda 900) in the range of 2500-300 nm. The samples were prepared on glass substrates via spin coating followed by heating at 140  C for 10 min.
Baseline correction was carried out with glass substrates. Spectra were normalized with respect to the thickness of the film.
Ultraviolet photoemission spectroscopy (UPS):
Photoemission experiments were carried out using a Scienta ESCA 200 spectrometer in ultrahigh vacuum (base pressure of 1x10 -10 mbar) with a standard He-discharge lamp (hv = 21.22 eV) for UPS (ultraviolet photoemission spectroscopy). The total energy resolution in UPS measurement is about 80 meV as extracted from the width of the Fermi level (at the binding energy of 0.00 eV) of clean gold foil. All spectra were collected under a photoelectron take-off angle of 0° (normal emission). The work function of film was extracted from the edge of the secondary electron cutoff of the UPS spectrum by applying a bias of -3 V to the sample. Thermogalvanic cell apparatus: Thermogalvanic cell measurements were performed using a custom designed cylindrical Teflon cell (1 cm thickness) covered with two electrodes (1 cm diameter). Temperatures of both electrodes were controlled by two Peltier elements with feedback from two thermocouples.
Note 1 Activation Energy of PEDOT-PSS electrodes
The temperature dependent conductivity originating from a thermally activated process is described by the Arrhenius equation as follows(1, 2);
Where , , , and are the exponential factor, activation energy, Boltzmann constant and temperature respectively. The activation energy is determined using the linear plot of the logarithm of the conductivity of PEDOT-PSS electrode versus the reciprocal temperature.
Note 2
Effect of DMSO on the electrochemical potential of PEDOT-PSS
In order to check of the electrochemical potential of the electron in the PEDOT-PSS electrode does not change with the DMSO amount, we have measured the difference in the electrochemical potential between the PEDOT-PSS films and one electrode made of a platinum wire penetrating into a liquid metal drop. The liquid metal is Galinstan, which is a eutectic mix Ga-In-Sn. The electrolyte used is 1M HCl to ensure good ionic conductivity and absence of an oxide layer around the Galinstan drop (3). The potential difference is then measured versus time over 10 min. We observe a stable potential difference of 1 V ± 0.15V (Fig S2) . All the potential difference data versus time lie in the same potential range without any specific trends with the DMSO content. We have thus a unified picture with measurement in a vacuum and in an aqueous electrolyte to claim that the electrochemical potential of the electrons in the PEDOT-PSS electrodes does not depend on the DMSO content.
Cyclic Voltammetry measurement for thick PEDOT-PSS electrodes
Cyclic voltammetry measurement was carried out for different thicknesses of PEDOT-PSS-5%
DMSO electrode (Fig S4) . 
Cyclic voltammetry and Steady State measurement
Since there is no metal on the back of the conducting polymer electrode, one can wonder if the charge transport along and across the polymer film cannot affect the results of this study. We are aware of the limitation of dynamic techniques, such as cyclic voltammetry, since the oxidation-reduction of the polymer electrode itself is a process taking place in parallel to the electron transfer to the reactant in the electrolyte. However, with steady-state measurements, we avoid all capacitive charging and limitation of electronic-ionic transport in the polymer electrode and only measure the electron transfer to the reactant. Now, to check if the eventual potential drop within the polymer electrode does affect the current level, we recorded the current by both CV, and steady-state measurement for different lengths of the sample strip dipped in the electrolyte solution. (three different areas: Area 1= 0.36cm 2 , Area 2= 0.468cm 2 , Area 3= 0.58 cm 2 ).
We first do this comparison (dynamic CV vs. steady state) for the lowest conductivity PEDOT-PSS electrode (0 % DMSO). In the CV, the resistive behavior of the electrode is dominating, and the faradic peak representing the electrode transfer to the reactant in solution is invisible (Fig. S7a, b) . This shows clearly the limitation of the CV technique to investigate electron transfer kinetics without metal backing. On the contrary, the steady state measurement in the Tafel plots does represent a normal electron transfer, and the current is proportional to the area (Fig. S7c) . So that when plotted in term of current density, the values for the 3 different areas do not change (within the error bar, Fig. S7d ), which indicates that the area of the electrode investigated is not a parameter affecting the investigation of the rate of electron transfer in this system.
We then consider the highest conductivity electrode PEDOT-PSS with 5%DMSO. This time, the faradic contribution in the CV is clearly visible. The current levels vary with the area (Fig. S8a) . When the graph reports the current density (Fig. S8b) , the three curves are not exactly superimposed; which means that the area plays a role and that the faradic process cannot be decoupled from the dynamical effect occurring within the conducting polymer electrode. Besides the current density values, it is also important to observe the peak potential values. The kinetics of electron transfer in an ideal case of a metal electrode is related to the peak-to-peak potential difference between the cathodic and anodic wave.
Here, we clearly see that the peak-to-peak voltage and the current density in the CV (Fig.   S8b ) depends on the different areas. The peak-to-peak variation observed that is an indicator of the kinetic of the electron transfer is affected by the dynamic of ionic-electronic transport within the PEDOT electrode. To conclude, the dynamic CV is not a technique appropriate to study the rate of electron transfer for this system. On the contrary, with the steady state measurement (not that one point requires about 10-20 min of recording current), the current level is proportional to the area (Fig. S8c) , so that the current density versus voltage is identical for the 3 different areas (Fig. S8d) . This proofs that the steady state technique is appropriate to study the kinetic of electron transfer. The electron transfer rate extracted from the Butler-Volmer equation does not depend on the length/area of the PEDOT-PSS electrode.
The purpose of using cyclic voltammetry CV is to display the reversibility of the redox couple on the different PEDOT-PSS electrodes, which is prerequisite for good operation in thermogalvanic cells. Cyclic voltammetry can be used to extract the heterogeneous electron transfer rate from the peak-to-peak separation between cathodic and anodic waves in the cyclic voltammogram (through the Nicholson equation) (4). However, this dynamic electrochemical method cannot be used by default for conducting polymer electrodes.
Cyclic voltammogram was recorded for the various PEDOT-PSS electrodes (with different DMSO content). As mentioned in the manuscript figure 3a, oxidation and reduction peaks are only observable for high conductivity electrodes (with DMSO amount > 0.75 %).
PEDOT-PSS electrodes with less than 0.75% DMSO do not display any faradic current, but the current is mostly limited by resistive contribution due to the ionic or electronic transport within the PEDOT-PSS layer (see Fig. S6 ). Therefore, the CV method is not appropriate to study the electron transfer between PEDOT-PSS and ferricyanide in solution. Instead, we turn to steady-state measurement, where the current is recorded at various potentials versus time, and after equilibration of 10-20 min, the steady value of the current is considered and reported on the Tafel plot. By this method, we do not see any limitation to the current by dynamic process due to ionic and electronic charge reorganization within the PEDOT-PSS electrodes. Instead, we clearly measure a current limited by the electron transfer at the electrode-electrolyte interface. Thereby, we can calculate the kinetics for all the electrode by using the Tafel equation.
Kinetics of PEDOT-PSS electrodes
The following general reaction is considered for Butler-Volmer ET kinetics (5) at the PEDOT-PSS-DMSO working electrode;
. + − ↔ .
the Butler-Volmer equation can be written as follows;
Butler-Volmer equation describes the current potential relationship for the reaction controlled by the rate of electron transfer. Importantly, the net current depends on the operating potential and the surface concentration of the redox couple. is equal to 0.5 when both the oxidized and reduced molecule concentration equal at the surface of the electrode. There is no net current flowing, when = , at this moment the absolute magnitude at is the exchange current ( ), which is directly proportional to the standard rate constant.
= (5)
Then the Butler-Volmer equation can be written as follows;
Where, is the overpotential that is the extra potential beyond the equilibrium potential leading to the net current. For sufficiently large overpotential, one of the exponential terms will be negligible with compared to the other. As an example, at large negative overpotential the equation 6 can be re-write as follows;
Then;
The equation 8 is known as the Tafel equation and by plotting log I Vs the Tafel plot can be obtained. Tafel plot linear only at high overpotential and by extrapolation of the linear portion of the Tafel plot to the zero overpotential gives log . Then by the equation 5, standard rate constant can be calculated.
Impedance Spectroscopy
We used an equivalent circuit model proposed by other authors, for instance (6) and by us previously for a system very similar to the present system: electron transfer between ferricyanide and PEDOT-Tos electrode ( .cm 2 . The price per power generation of PEDOT-PSS TGC
The price for materials 1 kg EDOT is 60 USD (Chinese company) 1 kg Pt is 26000 USD An electrode of Platinum is likely 100 nm thick and the thickness PEDOT.PSS to reach the same power as a Platinum electrode is 7800 nm.
Density of PEDOT is 1 and the density of platinum is 21
Therefore, for the same area, A, electrode, Volume, of Platinum electrode is;
= 100 * then the weight, is; = 21 * 100 *
Volume, of PEDOT-PSS electrode is;
= 780 * then the weight, is; = 1 * 7800 *
The weight ratio Pt/PEDOT is about 0.27.
Then the price per power for PEDOT is; ( 26000 60 ) * 0.27 = 117 times lower than Platinum.
